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Abstract
In this paper, an example of phase analysis during annealing is presented using in-situ TEM. The example is demonstrated on amorphous 
Cu-Mn/C thin films focusing on phase identification in a multicomponent system. The transient states following the crystallization of 
the amorphous Cu-Mn alloy and the reaction with the C substrate were analyzed by evaluating the diffraction patterns recorded at 
different temperatures. The camera constant was calibrated using the internal standard method. The change in composition of the 
Cu(Mn) solid solution was calculated by separating the effect of thermal expansion and solute concentration. Identification of the 
forming phases was aided by analyzing and comparing the probability of formation of all phases in the Cu-Mn-C-O system. After the 
crystallization of amorphous Cu-Mn alloy into Cu(Mn) and α-Mn-based solid solutions, the formation of the following carbide phases 
was observed: Mn23C6, Mn5C2 and Mn7C3.
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1 Introduction
In-situ transmission electron microscopy (TEM) provides 
the opportunity to observe the dynamic response of a mate-
rial to an externally applied stimulus as it happens inside 
the microscope. Based on the externally applied stimulus a 
broad class of in-situ TEM techniques exist, which include 
(but not limited to) annealing, nanoindentation, straining, 
electric and magnetic measurements, gas/solid and liquid/
solid interactions [1, 2]. In each of these areas the in-situ 
method allows us to discover transient states during chem-
ical or structural transformations and/or correlate materi-
als structure to their functionalities. The in-situ technique 
becomes extremely powerful when structural and morpho-
logical changes on nanoscale are the point of interest. The 
very broad range of microscopy techniques used in TEM 
investigations remains available also during in-situ mea-
surements providing micro- and nanoscale information 
on the changes in morphology (using different imaging 
modes), crystal structure (electron diffraction and high-res-
olution electron microscopy), composition (energy disper-
sive spectroscopy) as well as chemical bonding (electron 
energy loss spectroscopy) of the investigated materials. 
In particular, in-situ annealing benefits from the ability to 
observe the dynamics of phase transformations and reac-
tions at high temperatures. Therefore, it is a widely used 
method for the investigation of solid phase transformations 
and reactions and grain growth during annealing [3–5].
In an in-situ experiment paying attention to a few aspects/
steps can make the measurement procedure and the evalu-
ation of results more effective. However, these are hard to 
find in the literature. In this study, an example of phase anal-
ysis using in-situ annealing is presented. The goal is to give 
a description that can facilitate the in-situ investigation of 
phase transformations and reactions at high temperatures. 
The example is demonstrated on amorphous Cu-Mn/C thin 
films focusing on phase identification in a multicomponent 
system. Cu-Mn films are of recent technological interest due 
to their potential application as barrier layers in interconnect 
structures [6, 7]. Previously, we reported the thermal stabil-
ity and carbide formation in amorphous Cu-Mn/C films [8] 
focusing on the Cu-Mn-C-O material's system and its inter-
connect application. In contrast, now the focus is on the meth-
odological aspects using the Cu-Mn/C films as an example.
Hajagos-Nagy
Period. Polytech. Mech. Eng., 65(3), pp. 252–260, 2021 |253
2 Experimental
Amorphous Cu-Mn alloy thin films were co-deposited in a 
high-vacuum direct current magnetron sputtering system. 
50 nm thick films were grown on evaporated carbon foils. 
The carbon foils were prepared by thermal sublimation of 
a graphite rod on collodion film substrates supported by 
Ni grids in 1 × 10–3 Pa pressure. The collodion films were 
then removed by annealing the grids at 400°C for 90 min. 
The resulting carbon foils had an amorphous structure 
and a thickness of 10–20 nm which enables a direct plan-
view TEM investigation without further sample prepara-
tion. The targets of Cu and Mn (of 99.99 % and 99.95 % 
purity, respectively) were mounted 25° towards the verti-
cal and the rotating substrate holder was positioned 12 cm 
from them. Prior to deposition, the sputtering chamber 
was evacuated to 5 × 10–6 Pa base pressure and the sub-
strates were annealed at 150 °C for 60 min to remove any 
mobile hydrocarbons. Then Ar (99.999 % purity) was 
introduced to a pressure of 2 × 10–1 Pa. The targets were 
cleaned before deposition by pre-sputtering behind closed 
shutters for 5–10 min. The desired compositions (50 and 
70 at% Mn) were reached by adjusting the power of mag-
netrons [9]. The substrate was kept at room temperature 
and the deposition rate of the layers was 0.4 nm/s. To mini-
mize surface oxidation, the films were investigated imme-
diately after deposition.
The films were in-situ annealed and examined by 
TEM in a Philips CM-20 electron microscope operated 
at 200 kV. The temperature range of in-situ annealing 
was 20–600 °C. The temperature was increased in steps 
of 50 °C and at every stage the samples were held at the 
set temperature for 5 min. The heating profile is shown 
in Fig. 1. The vacuum conditions during annealing were 
6 × 10–5 Pa at 20 °C, which increased to 1 × 10–3 Pa at 
600 °C. The composition of the samples was verified using 
a NORAN energy dispersive spectrometer system with Ge 
detector attached to the CM-20 microscope. The structure 
and morphology was investigated by bright and dark field 
imaging and selected area electron diffraction (SAED). 
Separate samples were used in microscope and diffrac-
tion mode to be able to follow the initial area of observa-
tion during in-situ annealing. The phase compositions of 
the films were evaluated from SAED patterns using the 
Process Diffraction program [10]. The size of the area that 
contributed to SAED patterns measured 5 μm in diameter.
3 Results
Figs. 2 and 3 demonstrate how in-situ TEM gives an over-
all look on the changes of structure and morphology during 
annealing. Fig. 2 shows the morphological changes in 
bright field TEM images and Fig. 3 shows the structural 
changes in SAED patterns of the films with Mn contents 
of 50 and 70 at%. At both compositions the as-deposited 
films exhibit an overall homogeneous contrast in Fig. 2(a) 
and (i). In addition, a slight diffraction contrast is visible 
in the form of small black dots. The diffraction patterns 
(Fig. 3(a) and (i)) are composed of diffuse rings and slightly 
visible sharp rings. The diffuse rings originate from the 
amorphous Cu-Mn phase [9], and the sharp rings originate 
from a fcc-type crystalline phase, which can be identified 
as MnO [9]. Mn oxidizes readily, even in ultra-high vac-
uum environment [11], and the MnO nanoparticles - which 
cause the slight diffraction contrast in Fig. 2(a) and (i) - 
are located on the surface of the films. During annealing 
the two films exhibit similar behavior. With increasing 
temperature, the films remain amorphous below 300 °C. 
At 300 °C both films crystallize, which is indicated by 
the sharpening of the diffuse diffraction rings in Fig. 3(c) 
and (k). In addition to the rings of MnO, the diffraction 
patterns are composed of an fcc- and a bcc-type crystal-
line phase. Considering the Cu-Mn phase diagram [12] and 
our previous study of the Cu-Mn thin film system [9], the 
two phases can be identified as Cu-based solid solution 
(fcc) and α-Mn-based solid solution (bcc). The grain size 
of solid solutions is around 10-40 nm (Fig. 2(c) and (k)). 
While the Cu-based solid solution remains stable up to 
600 °C, the Mn-based phases alter. The α-Mn-based solid 
solution disappears at 400 °C and 450 °C in the films with 
Mn contents of 50 and 70 at%, respectively. At 400 °C dis-
continuous diffraction rings appear indicating the forma-
tion of new phases (Fig. 3(e) and (m)). These rings can be Fig. 1 Heating profile used in the in-situ experiments
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Fig. 2 Changes in the microstructure of the films with Mn contents of 50 at% ((a)–(h)) and 70 at% ((i)–(p)) during annealing in bright field TEM 
images ((a), (i) 20 °C; (b), (j) 250 °C; (c), (k) 300 °C; (d), (l) 350 °C; (e), (m) 400 °C; (f), (n) 450 °C, (g), (o) 500 °C; (h), (p) 600 °C)
observed at each temperature up to 600 °C (Fig. 3(e)–(h) 
and (m)–(p)). For better view they are marked with quad-
rants on Fig. 4 (an enlarged version of Fig. 3(m)). In addi-
tion to the changes in phases, the intensity of surface oxi-
dation increases with increasing temperature (Fig. 3(e)–(h) 
and (m)–(p)) and above 400 °C substantial grain growth 
can be observed (Fig. 2(e)–(h) and (m)–(p)).
To identify the new phases and to get more detailed 
information about the Cu-based and α-Mn-based solid 
solutions the camera constant must be known with high 
accuracy. For this purpose, the internal standard method 
was applied (shown in Fig. 5). This method allows to cal-
ibrate the camera constant for each annealing step and to 
increase the accuracy of the lattice parameter values by 
approximately one order of magnitude [13]. MnO was cho-
sen as an internal standard (marked by triangles in Fig. 5) 
because MnO is present in the whole temperature range 
of annealing, most of its diffraction maxima can be easily 
separated from other phases and it produces stable and well 
defined diffraction rings without the risk of contamination, 
which is essential for the exact measurement of the posi-
tion of diffraction maxima. For each temperature step, the 
MnO lattice parameter was calculated using Eq. (1):
a a TT T= ⋅ + ⋅( )= °20 1C α ∆ , (1)
where aT is the lattice parameter at a given temperature, α 
is the thermal expansion coefficient, and T is the tempera-
ture. The thermal expansion coefficient for MnO was taken 
from the study of Suzuki et al. [14]. The resulting electron 
diffraction intensity distributions calibrated by the internal 
standard method are shown in Fig. 6. The diffraction max-
ima corresponding to the new phases are marked by arrows 
in Fig. 6. It must be noted that this calibration method can 
be used even if none of the phases present in the sample fits 
the requirements of an internal standard. In this case, a few 
nm thick one-component metal film should be evaporated 
onto the bottom side of the substrate [13]. This way the 
SAED patterns will be composed of the rings of the inter-
nal standard and studied material. Generally, nanocrystal-
line gold is used for this purpose [13].
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From the calibrated electron diffraction intensity dis-
tributions detailed information can be provided about the 
Cu-based and α-Mn-based solid solutions. In Fig. 6 the 
diffraction maxima of solid solutions continuously shift 
in both films, which indicates that their lattice parameters 
change during annealing. Fig. 7 shows the lattice parame-
ters measured for Cu-based and α-Mn-based solid solutions 
in the temperature range of 300–600 °C. In in-situ anneal-
ing experiments the change of lattice parameter can be 
caused by two mechanisms: thermal expansion and changes 
Fig. 3 SAED patterns of the films with Mn contents of 50 at% ((a)–(h)) and 70 at% ((i)–(p)) during annealing ((a), (i) 20 °C; (b), (j) 250 °C; 
(c), (k) 300 °C; (d), (l) 350 °C; (e), (m) 400 °C; (f), (n) 450 °C, (g), (o) 500 °C; (h), (p) 600 °C)
Fig. 4 SAED pattern obtained for the 70 at% Mn film at 400 °C. The 
quadrants denote the diffraction rings corresponding to the new phases
Fig. 5 The internal calibration of camera constant presented on the 
70 at% Mn film at 600 °C. The quadrants denote the diffraction rings 
of the SAED pattern corresponding to the MnO phase, i.e. the internal 
standard. The triangles mark the MnO diffraction maxima on the 
electron diffraction intensity distribution
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in solute concentration. By separating the effect of these 
mechanisms, the composition of solid solutions may be cal-
culated. Thermal expansion can be calculated based on the 
lattice parameter for pure components at room temperature 
(aCu = 3,6149Å [15] and aα–Mn = 8,9125Å [16]) and their 
thermal expansion coefficients (aCu = 1.65 × 10
–5 1/K [15] 
and aMn = 2.17 × 10
–5 1/K [16]) using Eq. (1). For compari-
son, the temperature dependence of pure lattice parameters 
is shown in Fig. 7 with dotted lines. The difference between 
the measured curves and the curves calculated for thermal 
expansion originates from the lattice distortions caused by 
solute atoms. To determine the composition of solid solu-
tions, the dissolution limit of each possible solute element 
should be considered. α-Mn can dissolve up to 10 at% Cu 
under non-equilibrium conditions [9], 5 at% °C in the tem-
perature range of 0-400 °C [17], and a negligible amount of 
O [18]. Thus, the α-Mn-based solid solution can be com-
posed of Mn, Cu and C atoms. As it is not possible to sepa-
rate the lattice distortions caused by substitutional Cu atoms 
and interstitional C atoms, we cannot calculate the compo-
sition of the α-Mn-based solid solution and its changes in 
the temperature range of 300-400 °C. By contrast, Cu can 
dissolve 20-45 at% Mn in the temperature range of 300-
600 °C [12], and negligible amounts of C and O [19, 20]. 
Thus, the Cu-based solid solution is composed of Cu and 
Mn atoms, i.e. it is a Cu(Mn) solid solution and its compo-
sition can be calculated. Czigány et al. [21] measured the 
effect of composition on the Cu(Mn) lattice parameter as: 
a = aCu + 0.322c, where c is the Mn concentration in the 
Cu(Mn) solid solution in at%. To consider the effect of ther-
mal expansion we modified this equation as follows.
a a cT CuT= + 0 322. , (2)
where aCuT is calculated at each temperature using Eq. (1).
The Mn concentration calculated at each temperature 
is listed in Table 1. In both films the Mn content of the 
Cu(Mn) solid solution shows significant decline in the 
temperature range of 400–450 °C.
The calibrated electron diffraction intensity distribu-
tions also allow to identify the new phases that appear 
at 400 °C. First, a list of candidate phases is needed and 
phase identification will only confirm which of them cor-
responds to the diffraction intensity distributions. In the 
Cu-Mn-C-O system in addition to the already identified 
phases oxide and carbide phases may form. Both Cu and 
Mn can form various oxide phases, but we can rule out 
some of them by comparing their probability of forma-
tion. Fig. 8(a) shows the standard free energy (ΔG0) of 
Cu and Mn oxides in the temperature range of annealing. 
All Mn oxides have more negative free energies than the 
Fig. 6 (a) Electron diffraction intensity distributions for the films with Mn contents of 50 at%; (b) and 70 at% at different temperatures during in-situ 
heat treatment
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Cu ones at all temperatures. Thus, Mn oxidizes more read-
ily than Cu and the formation of Cu oxides can be ruled 
out. From the four Mn oxides MnO has the most negative 
free energy. However, the stability of phases also depends 
on the concentration. To predict if another oxide can form 
alongside MnO, we need to examine the Mn-O phase dia-
gram [18] (shown in Fig. 8(b)). The Mn-O phase diagram 
shows that up to 0.5 mole fraction of O two phases are in 
equilibrium: α-Mn and Mn1–xO. In our case the O orig-
inates from the residual atmosphere in the microscope 
column (1 × 10–3 Pa at 600 °C), so the mole fraction of 
O is very low and only MnO can form. Considering car-
bides, Cu does not form carbide phases [19], but several 
Mn carbides exist [17] and Mn carbide formation is an 
expected reaction at the Cu-Mn/C interface. According to 
the Mn-C phase diagram (Fig. 8(c)) three carbide phases 
can form in the temperature range of 20–600 °C depend-
ing on the concentration. The C substrate of our samples 
can be regarded as an infinite source of C atoms and C 
Fig. 7 (a) Lattice parameters measured for Cu-based; (b) and α-Mn-based solid solutions in the temperature range of 300–600 °C
Table 1 Data used for calculating Mn concentration in the Cu(Mn) 
solid solution. The error of Mn concentration due to the error of lattice 
parameter measurement is 5 %.
T [°C] aCuT [Å]
aT [Å] c [at%] aT [Å] c [at%]
50 at% Mn 70 at%Mn
300 3.6316 3.731 31 3.705 23
350 3.6346 3.736 31 3.714 25
400 3.6376 3.694 18 3.725 27
450 3.6405 3.659 6 3.668 9
500 3.6435 3.666 7 3.668 8
550 3.6465 3.671 8 3.671 8
600 3.6495 3.686 11 3.679 9
Fig. 8 Data used for creating a list of candidate phases to identify the phases forming in the temperature range of 400-600 °C; (a) Standard free energies 
of Cu and Mn oxides in the temperature range of 20-600 °C. (All free energy values are normalized to 1 mol O2.) [22–24]; (b) Mn-O equilibrium phase 
diagram in the temperature range of 227-927 °C [18]; (c) Mn-C equilibrium phase diagram in the temperature range of 0-650 °C [17]
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diffusion into the Cu-Mn films must be increasing with 
increasing temperature. Hence, the candidate phases are 
Mn23C6, Mn5C2 and Mn7C3 and are expected to appear in 
this consecutive order.
Fig. 9 shows enlargements of the diffraction intensity 
distributions (previously shown in Fig. 6) to highlight the 
formation of the new phases. In both films at 400 °C and 
450 °C the markers of Mn23C6 and Mn5C2 fit all the uniden-
tified markers and neither of them has a marker where no 
diffraction maxima exists. Hence below 500 °C Mn23C6 
and Mn5C2 carbides are found. Above 500 °C Mn5C2 and 
Mn7C3 can be identified in both films. At 500 °C the two 
films behave differently. While in the film containing 
50 at% Mn two carbides exist: Mn5C2 and Mn7C3, in the 
film containing 70 at% Mn three carbides are in equilib-
rium: Mn23C6, Mn5C2 and Mn7C3. Having finished phase 
analysis one can conclude that our list of candidate phases 
proved to be correct. In addition, the phases appeared in 
the expected order with increasing temperature.
By summing up the presented results it becomes clear 
that a solid state reaction takes place between the Cu-Mn 
film and the C substrate layer. C atoms diffuse into the 
film and at 400 °C they react with the metallic Mn pres-
ent in the Cu(Mn) and the α-Mn-based solid solutions. 
Hence, the Mn content of the Cu(Mn) phase drops, the 
α-Mn phase disappears and carbide phases form. As the 
temperature increases further, more C diffuses into the 
film. Thus, the compound with a lower C:Mn ratio disap-
pears (Mn23C6) and a compound with a higher C:Mn ratio 
forms (Mn7C3).
4 Conclusion
In this work, I presented an effective technique for the 
evaluation of structural and compositional changes during 
in-situ TEM annealing demonstrated on Cu-Mn/C thin 
film system.
First, I presented how in-situ TEM gives an overall 
look on the changes of structure and morphology during 
annealing. From the overall look it could be determined 
that the amorphous Cu-Mn films crystallized at 300 °C 
into Cu-based and α-Mn-based solid solutions. At 400 °C 
new phases appeared accompanied with disappearance of 
the α-Mn-based solid solution. Above 400 °C intensive 
surface oxidation and substantial grain growth took place.
Second, by using the internal standard method for the 
calibration of camera constant the transient states after 
crystallization and the reaction with the C substrate could 
be analyzed. By separating the effect of thermal expan-
sion and changes in solute concentration, the composition 
of the Cu(Mn) solid solution in the temperature range of 
300–600 °C was calculated. To identify the new phases 
that appear at 400 °C, a list of candidate phases was made 
Fig. 9 (a) Electron diffraction intensity distributions determined for the films with Mn contents of 50 at%; (b) and 70 at%, highlighting carbide 
formation
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by comparing the probability of formation of all phases 
in the Cu-Mn-C-O multicomponent system. Phase iden-
tification confirmed the candidate phases: Mn23C6 and 
Mn5C2 carbides were present in the temperature range of 
400–500 °C, and Mn5C2 and Mn7C3 carbides from 500 °C 
to 600 °C. The presented example can serve as a guideline 
for the in-situ investigation of phase transformations and 
reactions at high temperatures.
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